Rationale: Hypertension is the most prevalent life-threatening disease worldwide and is frequently associated with chronic kidney disease (CKD). However, the molecular basis underlying hypertensive CKD is not fully understood.
H ypertension is a leading cause of morbidity and mortality in the United States and worldwide. The condition affects ≈1 in 3 adults in the United States and 25% of the adult population worldwide. 1 The estimated total number of adults with hypertension in 2000 was 972 million, and it is predicated to increase by ≈60% to a total of 1.56 billion by 2025. 1 In the United States, hypertension accounts for 1 in 7 deaths, >$93.5 billion in medical costs per year, and immeasurable human suffering. 1 Because of the increasing morbidity, mortality, and extensive medical costs associated with hypertension, novel therapeutic strategies are desperately needed to reduce hypertension and delay disease progression. Defining the molecular mechanisms underlying the disease is important for developing novel strategies for disease prevention and treatment.
Chronic kidney disease (CKD) is a devastating disease including kidney injury, progression to renal fibrosis, and end-stage renal disease. [2] [3] [4] It affects 26 million American adults and is the ninth leading cause of mortality in the United States. 2 CKD is a major cause of hypertension, and hypertension also can promote progression of CKD to endstage renal disease. 5 Despite intensive research, the molecular basis for pathogenesis of hypertension and subsequent progression from CKD to end-stage renal disease is still not fully understood. 3 Among identified factors and signaling pathways involved in hypertensive CKD, the renin-angiotensin system is considered as a key signaling cascade contributing to hypertension, CKD, and its progression to renal fibrosis. 6 In both humans and animals with hypertensive nephropathy, circulating angiotensin II (Ang II), the end effector of the renin-angiotensin system, is elevated 7 and therapies that inhibit this signaling cascade are effective. 8 Ang II can stimulate multiple signaling pathways, but it is unclear which of these pathways drives hypertensive CKD and, when inhibited, which results in disease amelioration. Here, we sought to identify specific factors and signaling pathways that contribute to hypertension and CKD, and thereby exacerbate disease progression in both humans and mice.
Methods
Detailed Methods are available in the Online Data Supplement.
Human Subjects
Kidney biopsy specimens were collected from normal control individuals (n=12), those with CKD alone without hypertension (n=24), and hypertensive patients with CKD (n=32). CKD patients without hypertension and hypertensive CKD patients admitted to the First XiangYa Hospital were identified by nephrologists of the Central South University at Changsha, Hunan, China. Normal individuals were selected on the basis of having normal blood pressure and kidney function before acute kidney rupture resulting from trauma. CKD patients without hypertension were selected on the basis of displaying kidney damage (structural or functional abnormalities of the kidney) with glomerular filtration rate <60 mL/min per 1.73 m 2 for >3 months in the absence of hypertension. Individuals with hypertensive CKD were selected on the basis of presenting kidney damage (structural or functional abnormalities of the kidney) with glomerular filtration rate <60 mL/min per 1.73 m 2 for >3 months in the presence of hypertension (systolic blood pressure ≥140 mm Hg; diastolic blood pressure ≥90 mm Hg). The research protocol was approved by the Central South University Ethics Committee for the Protection of Human Subjects. Clinical data for normal individuals and patients with mild or severe CKD are listed in the Table. Animals Wild-type (WT) 8-to 10-week-old C57BL/6 mice were purchased from Harlan Laboratories (Indianapolis, IN). Ecto-5'-nucleotidase (CD73)-deficient mice and A2B adenosine receptor (ADORA2B)deficient mice congenic on a C57BL/6 background were generated and genotyped as described. 9 All protocols involving animal studies were reviewed and approved by the Institutional Animal Welfare Committee of the University of Texas Houston Health Science Center. Six to 10 mice for each group were used.
Reverse-Transcription Polymerase Chain Reaction Gene Expression Profiling of Kidneys of Mice With or Without Ang II Infusion
RNA was extracted using total RNA isolation reagent (Invitrogen, Carls-View, CA) from the kidneys after 14-day infusion with saline or Ang II. Genomic DNA contamination was eliminated by DNase treatment with RNeasy Micro Kit (Qiagen GmbH, Hidden, Germany). High-throughput mouse RT 2 profiler polymerase chain reaction (PCR) array and RT 2 real-timer SyBR Mix were purchased from SuperArray Bioscience Corporation (Frederick, MD). PCR was performed on an ABI Prism 7700 sequence Detector (Applied Biosystems). For data analysis, the ΔC t method was used. For each gene, the fold changes were calculated as difference in kidney gene expression between Ang II-infused and saline-infused mice. P<0.05 is considered significant.
Results

Elevated Renal CD73 Is a Novel Factor Underlying Chronic Increased Kidney Adenosine Production and Contributing to Hypertension and Kidney Injury in Ang II-Infused Mice
In an effort to identify specific renal factors contributing to the pathogenesis of CKD and hypertension, we used a highthroughput quantitative reverse-transcription PCR (RT-PCR) array to compare gene expression profiles in the kidneys of controls and Ang II-infused mice, an animal model of hypertensive CKD [10] [11] [12] (gene expression changes are listed in Online Table I ). Among all of the transcripts screened, CD73 mRNA levels were among the most highly induced in the kidneys of Ang II-infused mice compared with controls ( Figure 1A ). We further confirmed that CD73 mRNA and protein levels, as well as enzyme activity, were significantly elevated in the kidneys of Ang II-infused mice ( Figure 1B and 1C ). Intriguingly, CD73 mRNA levels were not significantly increased in the hearts of Ang II-infused mice (Online Figure I) . Moreover, mRNA levels of CD38 and CD39, 2 other 5ʹ-ectonucleotidases, were similar between mice with and without Ang II infusion (Online Figure II ). In addition, adenosine deaminase (ADA) activity in the kidneys of Ang II-infused mice was reduced ≈15% (Online Figure III) , which is much lower than CD73 activity induced by Ang II that increased ≈2-fold ( Figure 1C ). Thus, these studies revealed that CD73 is a key ectonucleotidase induced in the kidneys of Ang II-infused mice.
Because CD73 is responsible for production of extracellular adenosine, 13, 14 it is possible that the elevation in kidney CD73 resulting from Ang II infusion promotes the production of elevated renal adenosine. Consistent with this possibility, we found that adenosine levels increased significantly in the mouse kidney ( Figure 1D ) but not in the plasma ( Figure 1E ) of Ang II-infused mice, indicating that elevated renal CD73 induced chronic elevation of adenosine locally in the kidney, but not systemically. To determine whether CD73 contributes to elevation of adenosine and subsequent Ang II-induced hypertension and CKD in vivo, we took a genetic approach by infusion of Ang II into WT and CD73-deficient mice. As expected, we found that CD73 deficiency significantly reduced Ang II-mediated adenosine induction in the mouse kidneys ( Figure 1D ). These findings indicate that elevated CD73 leads to chronic elevation of renal adenosine production in Ang II-infused mice. Functionally, we found that infusion of Ang II into WT mice led to chronic hypertension and kidney injury characterized with proteinuria and decreased urine osmolality ( Figure 1F ; Online Figure IVA-IVC), features similar to those observed in hypertensive patients with CKD. In contrast, these features were significantly attenuated when Ang II infusion was performed in CD73-deficient mice ( Figure 1F ; Online Figure IVA-IVC).
To determine whether CD73 deficiency attenuated hypertension and whether renal damage is caused by effects on angiotensin receptor expression, we used quantitative RT-PCR to compare the abundance of transcripts encoding the 3 angiotensin receptors, angiotensin receptor type 1A, angiotensin receptor type 1B, and angiotensin receptor type 2 receptor, in kidneys of WT and CD73-deficient mice. The results (Online Figure VA) show no significant difference in the abundance of these receptor transcripts in the kidneys of WT mice and CD73-deficient mice. Thus, changes in angiotensin receptor expression do not account for the ability of CD73 deficiency to protect against chronic kidney damage and persistent hypertension in Ang II-infused mice.
Elevated Adenosine Contributes to Chronic Hypertension in Ang II-Infused Mice
To assess the direct effect of elevated renal adenosine in hypertension, we took a pharmacological approach of treating Ang II-infused mice with polyethyleneglycol-modified ADA to lower adenosine levels. 15, 16 Polyethyleneglycol itself showed no effects on blood pressure (Online Figure  VI) . However, polyethyleneglycol-modified ADA treatment significantly inhibited the increase in renal adenosine levels observed in Ang II-infused mice ( Figure 1D ). Likewise, Ang II-induced hypertension was significantly attenuated in mice chronically treated with polyethyleneglycol-modified ADA ( Figure 1F ; Online Figure VIA-VIC). These findings provide direct in vivo evidence that chronically elevated adenosine is a previously unrecognized detrimental mediator to drive Ang II-induced hypertension and kidney disease.
Excessive ADORA2B Adenosine Receptor Activation Underlies Hypertension in Ang II-Infused Mice
In an effort to determine the potential contribution of adenosine receptor signaling to Ang II-induced hypertensive CKD, we measured mRNA levels for the 4 adenosine receptors in WT and CD73-deficient mice with or without Ang II infusion. 17, 18 Unexpectedly, we found that only Adora2b mRNA levels were significantly elevated in the kidneys of Ang II-infused mice (Figure 2A-2D ). Intriguingly, we found that CD73 deficiency significantly reduced Ang II-mediated elevation of Adora2b mRNA levels in the mouse kidneys ( Figure 2A -2D), indicating that CD73-dependent elevated renal adenosine preferentially induces Adora2b gene expression in the kidneys of Ang II-infused mice.
Next, we used both genetic and pharmacological approaches to determine the role of ADORA2B in chronic hypertension. Genetically, we found that ADORA2B deficiency significantly reduced Ang II-induced hypertension ( Figure 2E and 2F). Consistently, we further demonstrated that selectively interfering with ADORA2B activation by an ADORA2B-specific antagonist, PSB1115 significantly attenuated Ang II-induced hypertension ( Figure 2E and 2F). Altogether, we showed that elevated renal CD73 is associated with the chronic accumulation of renal adenosine and enhanced ADORA2B signaling, which underlies Ang II-induced hypertension.
CD73 and ADORA2B Expression Levels Are Increased in the Kidneys of Mild CKD Patients Without Hypertension and Are Further Elevated in Severe CKD Patients With Hypertension
To extend our mouse studies to humans, we first examined CD73 and ADORA2B protein levels in kidney biopsy specimens collected from normal controls (n=12), CKD patients without hypertension (n=24), and severe CKD patients with hypertension (n=32 ; Table shows clinical information of human subjects). Like the expression pattern seen in mice, immunostaining revealed that CD73 and ADORA2B were expressed in both glomeruli and tubules in normal control individuals. CD73 and ADORA2B levels were elevated in both glomeruli and tubules of kidneys isolated from CKD patients with or without hypertension ( Figure 3A ). Quantitative image analysis demonstrated that increased CD73 and ADORA2B staining in the kidneys of CKD patients was significantly higher than that in the controls, and that CD73 and ADORA2B levels were further elevated in severe CKD patients with hypertension compared with mild CKD patients without hypertension ( Figure 3D and 3E). Intriguingly, the elevated CD73 and ADORA2B levels were significantly correlated to disease severity by clinical symptoms (Table) , levels of kidney injury quantified by histological score based on hematoxylin and eosin staining ( Figure 3A and 3C), and degrees of renal fibrosis by collagen score based on trichrome staining ( Figure 3A and 3B). Thus, our human studies demonstrate, for the first time, that elevated CD73 and ADORA2B levels in the kidneys are associated with the severity of the disease.
ADORA2B Signaling Contributes to Increased Endothelin-1 Production in the Kidneys of Ang II-infused Mice
To identify signaling molecules functioning downstream of ADORA2B that contribute to hypertensive CKD, we reexamined the kidney gene expression profiles of control and Figure 1 . Detrimental effects of elevated kidney 5ʹAMP ectonucleotidase (CD73) in hypertension by inducing excess renal adenosine in angiotensin (Ang II)-infused mice. Ang II was delivered by mini-pump for 14 days. Polyethyleneglycol-modified adenosine deaminase (PEG-ADA) injections were initiated after implantation of the minipump. A, Gene expression profile revealed that CD73, hypoxia-inducible factor-1α (HIF-1α), and prepro-endothelin-1 (prepro-ET-1) mRNA levels were significantly elevated in kidneys of Ang II-infused mice compared with controls infused with saline. The red circles represent transcripts elevated >2-fold at a significant level (P<0.05) in the kidneys of Ang II-infused mice compared with the controls. Green circles represent transcripts reduced >2-fold at a significant level (P<0.05) in kidneys of Ang II-infused mice compared with the controls (n=6 for each group). B, Immuohistochemical analysis of CD73 in the kidneys of CD73 -/mice, wild-type (WT) mice, and WT mice with 14-day Ang II infusion (scale bar, 400 µm). C, CD73 gene expression levels (left), expression of CD73 in the kidneys quantified using Image-Pro Plus image analysis software (middle), and CD73 activity measured by enzyme-based assay in the kidneys of WT and Ang II-infused mice. Data are expressed as mean±SEM (n=6). *P<0.05 vs WT without Ang II infusion. Renal (D) and plasma (E) adenosine levels were determined on day 14. Data are expressed as mean±SEM. *P<0.05 for Ang II-infused mice vs control mice infused with saline; **P<0.05 for Ang II-infused mice with PEG-ADA treatment vs Ang II-infused mice and CD73-deficient mice with Ang II infusion vs Ang II-infused WT mice (n=8-12 per group). F, Systolic blood pressure was measured at daily intervals by the tail-cuff method until mice were euthanized (n=8-12 per group). May 24, 2013
Ang II-infused mice, with a particular focus on hypertensive mediators. We found that prepro-endothelin-1 (prepro-ET-1), a precursor of ET-1, a potent vasoconstrictor, was elevated most in the kidneys of Ang II-infused mice (Online Table I ; Figure 1A ). We confirmed our screening results by showing that prepro-ET-1 mRNA levels were significantly elevated in the kidneys of Ang II-infused mice ( Figure 4A ). Immunostaining and quantitative image analysis revealed that ET-1 protein levels were significantly elevated in the endothelial cells of glomeruli of Ang II-infused mice ( Figure 4B and 4C). Previous studies showed that elevated ET-1 signaling plays an important role in hypertension, kidney dysfunction, and fibrosis in Ang II-infused mice. [19] [20] [21] [22] However, the role of elevated ADORA2B signaling in Ang II-mediated induction of ET-1 was not determined.
To test this possibility, we again used both genetic and pharmacological approaches. We found that Ang II-induced prepro-ET-1 mRNA production was significantly inhibited in the kidneys of ADORA2B-deficient mice and PSB1115-treated mice ( Figure 4A ). Similarly, immunostaining and quantitative image analysis further confirmed that ADORA2B deficiency and PSB1115 treatment significantly attenuated Ang II-induced ET-1 protein levels in endothelial cells of glomeruli of these mice ( Figure 4B and 4C) . Consistent with the findings of an important role for ADORA2B signaling in Ang II-induced production of ET-1 from kidneys, genetic deletion of CD73 also led to a significant reduction in prepro-ET-1 mRNA and protein levels in the kidneys of Ang II-infused mice ( Figure 4A-4C ). However, the endogenous ET system, including prepro-ET-1, ET receptor type 1A, ET receptor type 1B, and ET-converting enzyme, is intact in CD73-deficient mice (Online Figure VB) . Taken together, these results revealed that CD73 activity and ADORA2B signaling contribute to the renal production of ET-1, a likely contributor to hypertension, CKD, and progression of fibrosis.
ADORA2B Signaling Via Hypoxia-Inducible Factor-1α Underlies Ang II-induced ET-1 Production in Mouse Kidneys
To determine what intracellular molecules functioning downstream of ADORA2B underlie Ang II-mediated ET-1 induction, we re-examined the kidney gene expression profiles. We found that hypoxia-inducible factor-1α (HIF-1α) was among the transcripts highly elevated in the kidneys of Ang II-infused mice (Online Table I ; Figure 1A ). Ang IImediated induction of renal HIF-1α mRNA was confirmed by RT-PCR analysis ( Figure 4D ). Immunohistochemical analysis and image quantification studies demonstrated that HIF-1α protein levels were also significantly elevated in the glomeruli of kidneys of Ang II-infused mice (Figure 4E Preferentially elevated A2B adenosine receptor (ADORA2B) underlies excessive renal adenosine-mediated hypertension in angiotensin II (Ang II)-infused mice. Ang II was delivered to the mice by mini-pump for 14 days. Injection of PSB1115, an ADORA2B-specific antagonist, was initiated after the minipump was implanted. A-D, Expression profiles of ADORA1, ADORA2A, ADORA2B, and ADORA3 in the kidneys of wild-type (WT) mice and CD73 -/mice with or without Ang II infusion. Data are expressed as mean±SEM. *P<0.05 for Ang II-infused mice vs control mice infused with saline; **P<0.05 for CD73-deficient mice with Ang II infusion vs Ang II-infused WT mice (n=8-12 per group). E, Systolic blood pressure was measured at daily intervals by the tail-cuff method until mice were euthanized. F, Intracarotid mean arterial blood pressure was measured on day 14 (n=8-10 per group). Data are expressed as mean±SEM. *P<0.05 for Ang II-infused mice vs WT control mice infused with saline; **P<0.05 for Ang IIinfused WT mice with PSB1115 treatment vs Ang II-infused WT mice and Adora2b -/mice with Ang II infusion vs Ang II-infused WT mice (n=8-10 per group). and 4F). Ang II-induced HIF-1α mRNA and protein levels in kidneys were significantly reduced in CD73-deficient mice, ADORA2B-deficient mice, and PSB1115-treated mice ( Figure 4E and 4F) . These studies provide in vivo evidence that elevated CD73-mediated adenosine induction and excess ADORA2B signaling are required for Ang II-mediated induction of HIF-1α.
Next, to assess the direct renal effect of excess adenosine signaling on HIF-1α and ET-1 induction, we isolated kidneys from WT mice, CD73-deficient mice, and ADORA2Bdeficient mice to conduct experiments using kidney explant cultures. 4, 23 First, we treated kidney explants isolated from WT, CD73-deficient, and ADORA2B-deficient mice in the presence or absence of Ang II. Quantitative RT-PCR analysis showed that Ang II-induced prepro-ET-1 and HIF-1α mRNA levels were significantly reduced in the kidney explants of CD73 -/and Adora2b -/mice compared with the WT mice ( Figure 5A ). These findings provide direct evidence for the importance of CD73 and ADORA2B in Ang II-induced HIF-1α and ET-1 production in the mouse kidneys.
Next, to determine whether adenosine signaling via ADORA2B activation directly induces HIF-1α and ET-1 production, we treated kidney explants isolated from both WT and Adora2b -/mice with 5ʹ-N-ethylcarboxamidoadenosine (NECA), a potent nonmetabolized adenosine analog. 17 We found that NECA was capable of inducing both prepro-ET-1 and HIF-1α gene expression in cultured kidney explants from WT mice but not from Adora2b -/mice ( Figure 5B ). Finally, to determine whether HIF-1α functioning downstream of ADORA2B is responsible for adenosine-induced ET-1 production, we treated kidney explants from WT mice with either chrysin (HIF-1α inhibitor) or dimethyloxalyl glycine (HIF-1α stabilizer). We found that chrysin significantly reduced NECA-induced prepro-ET-1 gene expression in WT mouse kidney explants ( Figure 5C ). In contrast, dimethyloxalyl glycine significantly enhanced NECAinduced prepro-ET-1 gene expression in WT mouse kidney explants ( Figure 5C ). Overall, our studies provide the direct evidence that ADORA2B-mediated HIF-1α induction contributes to Ang II-mediated induction of ET-1 in mouse kidneys.
ADORA2B-Mediated Induction of HIF-1α Underlies Ang II-induced ET-1 in Cultured Human Microvascular Endothelial Cells
HIF-1α and ET-1 were significantly elevated in the endothelial cells of the capillary lumens of kidneys of Ang II-infused mice ( Figure 4B and 4E) . These results suggest that microvascular endothelial cells are major cell types responsible for excessive adenosine-induced HIF-1α and ET-1 production. It is difficult to decipher the direct role of ADORA2B-mediated HIF-1α elevation in ET-1 induction in intact animals. Therefore, we extended our mouse studies to human microvascular endothelial cells (HMECs). Although these cells are not derived from kidneys, they represent a clonally derived source of HMECs useful to examine the role of adenosine signaling in Ang II-mediated induction of HIF-1α and ET-1. First, we found that Adora2b transcripts are the predominant adenosine receptor transcript expressed in HMECs (Online Figure VIIA) . Next, we found that Ang II-mediated induction of both HIF-1α and prepro-ET-1 gene expression in cultured HMECs was significantly attenuated by pretreatment with either α,β-methylene ADP (α,βmethylene ADP [APCP], a CD73 inhibitor) or MRS1706 (an ADORA2B antagonist; Figure 5D ). These findings provide the direct evidence that CD73 and ADORA2B play an important role in Ang II-mediated induction of HIF-1α and ET-1 mRNA in HMECs.
Subsequently, we assessed the direct role of adenosine signaling in HMECs. We demonstrated that NECA was capable of inducing both HIF-1α and prepro-ET-1 gene expression in cultured HMECs in a time-dependent manner (Online Figure VIIB and VIIC) . In addition, we found that treatment of HMECs with either theophylline (a general AR antagonist) or MRS1706 (an ADORA2B-specific antagonist) significantly inhibited NECA-induced HIF-1α and prepro-ET-1 gene expression in these cells. However, SCH442416 (an A 2A R-specific antagonist) had no effects on NECAinduced HIF-1α and prepro-ET-1 gene expression in HMECs ( Figure 5E ). These studies indicate that ADORA2B is a major receptor underlying excess adenosine-induced HIF-1α and prepro-ET-1 gene expression in endothelial cells.
Finally, to determine whether HIF-1α is required for adenosine-induced prepro-ET-1 gene expression, we generated HIF-1α-deficient HMECs by stably knocking down endogenous HIF-1α expression by means of a small interfering RNA strategy (HIF-1α-KD cells). First, we found that HIF-1α-specific siRNA significantly reduced HIF-1α protein levels in HIF-1α-KD HMEC cells ( Figure 5F ). More importantly, we found that NECA-induced prepro-ET-1 mRNA was significantly reduced in HIF-1α-KD cells compared with control cells ( Figure 5F ). Our findings show that ADORA2B activation can directly induce HIF-1α gene expression, and that HIF-1α is essential for adenosine-mediated ET-1 induction in human endothelial cells.
HIF-1α Contributes to Ang II-induced CD73 and Adora2b Gene Expression in Both Cultured Mouse Kidneys and Human Endothelial Cells at Transcriptional Levels
We have revealed that HIF-1α functioning downstream of ADORA2B is directly responsible for Ang II-induced ET-1 production by mouse kidneys and human endothelial cells. HIF-1α is known to be involved in increased CD73 and Adora2b gene expression under hypoxic conditions. 24, 25 However, whether Ang II is a hypoxia-independent mediator directly inducing HIF-1α levels and thereby responsible for Ang II-induced CD73 and Adora2b expression remains unknown. To test this possibility, we isolated kidneys from WT mice and conducted kidney organ culture as described. 4, 23 Quantitative RT-PCR analysis indicated that Ang II treatment directly induced both CD73 and Adora2b gene expression ( Figure 6A ). Moreover, we found that chrysin, a HIF-1α inhibitor, significantly reduced Ang II-induced CD73 and Adora2b gene expression in WT mouse kidney explants ( Figure 6A ). In contrast, dimethyloxalyl glycine, a HIF-1α stabilizer, significantly enhanced Ang II-induced CD73 and Adora2b gene expression in WT mouse kidney explants ( Figure 6A ). Consistently, we found that Ang II significantly induced CD73 and Adora2b mRNA in the control HMEC cells ( Figure 6B ). However, in the HIF-1α knockdown cells (HMECs-HIF-1α KD), Ang II-induced CD73 and Adora2b mRNA levels were significantly reduced ( Figure 6B) . Overall, our studies demonstrate that Ang II is a previously unrecognized hypoxia-independent mediator directly inducing HIF-1α levels, and elevated HIF-1α is an important transcription factor responsible for Ang II-mediated induction of CD73 and Adora2b mRNA levels in cultured mouse kidneys and HMECs.
Next, we extended mouse studies to cultured HMECs. Specifically, we incubated both control and HIF-1α knockdown cells (HMECs-HIF-1α-KD) with or without Ang II treatment. The results ( Figure 6B) show that HIF-1α underlies Ang II-mediated induction of CD73 and Adora2b mRNA levels.
Both CD73 and Adora2b promoters contain a HIF-1αresponsive element (HRE). Thus, we hypothesize that HIF-1α underlies Ang II-induced CD73 and Adora2b gene expression at the transcriptional level. To test this hypothesis, we conducted transfection assays using luciferase reporter genes introduced into in HMECs in the presence or absence of Ang II. We found that Ang II-induced WT CD73 and Adora2b promoter activities compared with untreated controls ( Figure 6C ). However, deletion of HRE site in either CD73 or Adora2b promoter significantly reduced Ang II-induced CD73 and Adora2b promoter activity ( Figure 6C ). Thus, these results provide direct evidence that HREs in the promoters of both CD73 and Adora2b are essential for Ang II-induced transcriptional activation of these 2 genes.
HIF-1α Is Responsible for NECA-induced CD73 and Adora2b Gene Expression in Cultured Human Endothelial Cells at Transcriptional Levels
Finally, we determined whether adenosine-induced HIF-1α is responsible for activating CD73 and Adora2b gene expression at transcriptional levels. Similarly, we conducted transfection assays using luciferase reporter genes introduced into HMECs with or without NECA treatment. We found that NECA induced WT CD73 and Adora2b promoter activities compared with untreated controls (Figure 6D-6F ). However, deletion of the HRE in either the CD73 or the Adora2b promoter significantly reduced NECA-induced CD73 and Adora2b promoter activity ( Figure 6D and 6E) . Thus, these results provide direct evidence that the HRE in the CD73 and Adora2b promoters is essential for NECA-induced transcriptional activation of these 2 genes. Taken together, we revealed that adenosinemediated HIF-1α induction underlies increased CD73 and Adora2b transcriptional activities and functions as a positive feedback to further promote Ang II-mediated elevation of adenosine and to amplify ADORA2B signaling ( Figure 6F ).
Discussion
In this study, we report that CD73, a critical enzyme in extracellular adenosine production, and ADORA2B, are elevated in kidneys of both mice and humans with hypertension and CKD. Using an Ang II infusion model of hypertensive renal disease in mice, we provide both genetic and pharmacological evidence that elevated renal CD73 contributes to hypertension, proteinuria, decreased tubular concentration ability, and progression of the disease by the excessive production of adenosine in the kidneys. Pharmacological inhibition or genetic disruption of the adenosine receptor ADORA2B significantly attenuates Ang II-induced hypertension. Mechanistically, we determined that HIF-1α is a key downstream mediator underlying excess renal adenosine-induced expression of ET-1, a potent vasoconstrictor. Finally, we revealed that HIF-1α is an important factor responsible for Ang II-induced CD73 and Adora2b expression at the transcriptional level. Without interference, elevated CD73-mediated increased renal adenosine functioning via amplified ADORA2B signaling further enhanced HIF-1α induction, resulting in additional elevation of renal ET-1 production. Thus, AngII-HIF-1α-CD73-ADORA2B functions as a malicious cycle to facilitate ET-1 production in the kidney and leads to hypertension ( Figure 6F ). Overall, our findings reveal a previously unrecognized detrimental role of chronically elevated renal CD73 levels and ADORA2B signaling in Ang II-induced hypertensive CKD and thereby identify novel and important therapeutic possibilities for the disease. 26 Multiple factors are released from locally insulted renal tissue and responding cells. One of the best-known signaling molecules to be induced under hypoxic conditions is adenosine. 27 Adenosine protects tissues like the brain, 28, 29 intestine, 30 and heart 31 from acute ischemic damage, thereby exhibiting chemoprotective properties. [32] [33] [34] [35] However, in the setting of repeated or prolonged tissue injury, chronic elevation of adenosine becomes detrimental by promoting or exacerbating tissue injury and dysfunction in the lung, 36 penis, 24 and kidney, 4 and in sickle cell disease. 9 Of note, it has been speculated that increased adenosine levels under acute hypoxic conditions may be beneficial by increasing blood flow to ischemic or hypoxic tissues because of the potent vasodilatory effects in most organs. However, in the kidney, adenosine causes afferent arterial constriction and thereby decreases blood flow to the kidney, which is speculated to be a compensatory effect to reduce transport workload in the kidney under acute hypoxic conditions. Thus, persistent elevation of adenosine in the kidney may be detrimental because of prolonged vasoconstriction of afferent arterioles and subsequent severe ischemic renal injury. Notably, previous studies reported that Ang II infusion induces renal adenosine elevation, but not systemically, in rats. 37 In addition, a previous report showed that intrarenal adenosine produces hypertension in the dog by activating the sympathetic nervous system. 38 More recent studies showed that adenosine leads Figure 6 . Adenosine-mediated elevation of hypoxia-inducible factor-1α (HIF-1α) is responsible for angiotensin II (Ang II)-induced elevation of CD73 and A2B adenosine receptor (Adora2b) gene expression at the transcriptional level. A, Ang II-induced CD73 and Adora2b mRNA expression in wild-type (WT) mouse kidney explants was attenuated by the HIF-1α antagonist (chrysin) and enhanced by HIF-1α stabilizer (DOMG). Data are expressed as mean±SEM. *P<0.05 vs without treatment; **P<0.05 vs treatment with Ang II alone (n=6). B, Ang II-induced elevation of CD73 and Adora2b mRNA were inhibited by stably knocking down HIF-1α in human microvascular endothelial cells (HMECs) (HIF-1α-KD). Data are expressed as mean±SEM. *P<0.05 vs untreated control cells (n=4-6). **P<0.05 vs 5ʹ-Nethylcarboxamidoadenosine (NECA)-treated control cells (n=6). C-E, CD73 and ADORA2B luciferase reporter assays. Confluent HMECs were transiently transfected with plasmids expressing sequence corresponding to WT CD73 promoter (pGL2 0.57NT ), the ADORA2B promoter (pGL2), mutated CD73 promoter with the mutation of HIF-1α-responsive element (HRE) site (pGL2 0.57NT ), and mutated ADORA2B promoter region with the mutation of HRE site, as well as with the empty pGL2. Twelve hours later, cells were switched to serum-free medium and were treated with or without Ang II (200 nmol/L; C) or NECA (10 mmol/L; D and E) for 24 h. Data are expressed as mean±SEM. *P<0.05 vs without treatment; **P<0.05 vs treatment with Ang II or NECA alone (n=6). F, Working model for excess renal adenosine in hypertension and its progression. Ang II-induced hypertensive nephropathy in mice is associated with a malicious cycle of adenosine signaling in the kidneys characterized by elevated CD73 production and ADORA2B signaling. Excessive ADORA2B signaling stimulates the production of HIF-1α, a positive transcriptional regulator responsible for increased expression of the endothelin-1 (ET-1) gene. HIF-1α, which is stabilized by hypoxia, also promotes increased expression of the genes encoding CD73 and ADORA2B, and in this way serves to perpetuate the malicious cycle of adenosine signaling resulting in excessive ET-1 production. Lowering chronically elevated renal adenosine or interfering ADORA2B activation are likely novel therapeutic possibilities to treat hypertensive renal disease and slow its progression.
to increased norepinephrine production from the renal sympathetic nervous system via the A1 adenosine receptor. 33 However, specific renal factors causing chronic elevation of adenosine in Ang II-infused mice remained unidentified.
High-throughput quantitative RT-PCR array analysis allowed us to identify elevated renal CD73 accounting for increased kidney adenosine in Ang II-infused mice and revealed the detrimental consequences of enhanced ADORA2B signaling in this mouse model of hypertensive renal disease. Our studies have significantly enhanced our understanding of pathogenesis of hypertensive CKD and are strongly supported by previously studies. For example, previous reports have shown that Ang II infusion results in increased levels of renal interstitial ATP and adenosine. 40, 41 The adenosine is presumably derived from ATP by the consecutive action of CD39, an ectonucleotidase that converts ATP→ADP→AMP and CD73, which converts AMP to adenosine. Our genetic and pharmacological data showing the importance of CD73 in Ang II-induced accumulation of renal adenosine are in good agreement with previous studies by Franco et al indicating that the Ang II-induced elevation of renal adenosine was significantly inhibited by specific blockade of 5ʹ-nucleotidase. 41 It is especially noteworthy that Ang II-induced hypertension was not blocked by drugs that inhibit adenine nucleotide-mediated (ie, ATP, ADP) P2 receptor signaling. 40 Consistent with these findings, we present multiple lines of genetic and pharmacological evidence that Ang II-induced hypertension and CKD require adenosine signaling. We show that Ang II-induced hypertensive CKD is reduced in CD73-deficient mice, that Ang II-induced hypertensive nephropathy is reduced by treatment with polyethyleneglycol-modified ADA to lower adenosine, and that Ang II-induced hypertensive renal disease is reduced by pharmacological blockage or genetic deficiency of the adenosine receptor, ADORA2B. Our data are the first to show the importance of adenosine signaling in Ang II-induced hypertensive CKD and, in this way, have identified a previously unrecognized pathway for the pathophysiology of hypertension and CKD.
Considerably more is known about the role of the A1 adenosine receptor and A2A adenosine receptor receptors in renal physiology than is known about ADORA2B receptor signaling. 42, 43 Previous studies have shown that when rats are maintained on a high-salt diet, adenosine production increases in the medulla associated with an increase in A2 compared with A1 receptor expression. 44, 45 However, these early studies did not distinguish A2A from A2B receptors. More recently, high levels of ADORA2B expression have been observed in the preglomerular microvessels 46 in the cortical thick ascending limb of Henle and in the distal convoluted tubule 47 and in inner medullary collecting duct cells. 48 The last study shows that adenosine activates A2B receptors and enhances chloride secretion in kidney inner medullary collecting duct cells. 48 Several animal studies indicate that CD73-dependent adenosine production plays a protective role in ischemia-induced acute renal injury by antiendothelial leakage and anti-inflammatory effects. 27, 46, 49 However, the role of chronically elevated renal adenosine signaling via adenosine receptors in hypertension and progression of CKD remained largely unknown until our studies reported here. Our genetic and pharmacological studies demonstrate that elevated renal adenosine functioning via ADORA2B signaling is responsible for Ang II-mediated hypertensive nephropathy, likely because of the induction of ET-1, a potent vasoconstrictor known to contribute to hypertensive CKD and its progression. 50 Although the ADORA2B has the lowest affinity for adenosine among the 4 adenosine receptors, 17, 18 in the setting of hypertensive CKD, elevated CD73 produces excessive renal adenosine, resulting in enhanced activation of ADORA2B. Ultimately, excessive ADORA2B signaling becomes detrimental by stimulating HIF-1α production, leading to excessive production of renal ET-1. Although many studies have demonstrated the importance of elevated ET-1 in the pathophysiology of kidney disease, 50 the role of adenosine signaling and the importance of CD73 in Ang II-induced hypertensive nephropathy are the important new findings provided in the present article. Thus, our studies raise a novel concept in which, in the short-term or acute setting, elevated adenosine may be beneficial to the kidney by inducing afferent arterial constriction to reduce workload via A1 adenosine receptor signaling 51 and stimulating an antiinflammatory response or maintaining endothelial barrier via A2A adenosine receptor signaling. 27 However, in the setting of CKD, chronically elevated renal adenosine coupled with excessive ADORA2B signaling becomes detrimental by inducing renal production of ET-1 to promote hypertension and exacerbate kidney injury and disease progression ( Figure 6F ).
Ischemia and hypoxia have long been considered to be associated with CKD and are speculated to contribute to progression of the disease, including hypertension and renal fibrosis. 52, 53 Of note, HIF-1α is well-known to be induced under hypoxia and associated with hypertensive CKD. 54 As with adenosine signaling, HIF-1α signaling can be tissue-protective, whereas chronic elevated HIF-1α also can be detrimental. 27, [55] [56] [57] The detrimental effects of prolonged elevation of HIF-1α in CKD has been revealed by studies showing that HIF-1α contributes to renal injury and progression of renal fibrosis in multiple animal models, including Ang II-infused rats. 37 Although hypoxia is known to increase HIF-1α, a growing body of evidence indicates that hypoxia-independent mediators, including inflammatory cytokines and growth factors, also stimulate HIF-1α gene activity. 58, 59 Because baseline oxygen tension in the kidney is already low, Ang II infusion is unlikely to cause substantial additional hypoxia. Here, we show that Ang II treatment directly induces HIF-1α levels in the absence of hypoxia in cultured endothelial cells. Significantly, we further provide in vivo evidence that Ang II infusion leads to elevation of HIF-1α in endothelial cells of glomeruli in mice. Thus, both in vitro and in vivo studies indicate that Ang II is a novel hypoxia-independent mediator directly regulating HIF-1α levels in the kidney. Mechanistically, our studies provide both in vivo animal and in vitro human evidence that elevated CD73-mediated prolonged elevation of renal adenosine coupled with enhanced ADORA2B signaling stimulates the production of HIF-1α, a positive transcriptional regulator responsible for increased expression of the ET-1 gene. Of note, our previous studies revealed that interleukin-6 is an important mediator underlying Ang II-induced ET-1 production in the kidneys and hypertension. 23 Thus, it is possible that HIF-1α and interleukin-6 may work together to regulate Ang II-mediated ET-1 induction, an important issue for future studies. Besides ET-1, we further revealed that HIF-1α is important for Ang II-promoted expression of the genes encoding CD73 and ADORA2B at the transcriptional level and serves to perpetuate the malicious cycle of adenosine signaling, resulting in excessive ET-1 production ( Figure 6F) . Thus, the evidence provided by our human and mouse studies supports a novel working model that chronic elevated renal adenosine contributes to hypertensive CKD via HIF-1α-mediated gene regulation in the following 2 ways: (1) by inducing ET-1 production to promote hypertension and kidney injury; and (2) by inducing CD73 and Adora2b gene expression to further enhance adenosine production and preferentially amplifying HIF-1α signaling in a malicious cycle that promotes the progression of the disease ( Figure 6F ). Thus, interfering with this detrimental cycle is important for novel therapeutics in the treatment of hypertension and renal disease. 
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